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Abstract 
Storage of hydrocarbons in underground salt caverns created by solution mining has been commonly and successfully 
used for several years in developed country. Sealing performance is an important technique and safety index for salt 
rock gas storage. Considering the unique stratigraphic characteristics of the bedded salt rocks in China, interlayer has 
great influence on the tightness of salt carven. It is likely that stored natural gas will escape along the interface of 
interlayer. It is the key problem to establish the permeability model and to provide corresponding numerical 
simulation which is suitable for bedded salt rock. In the paper, based on seepage theory in porous media, evolvement 
equation of gas permeability is established. The salt cavern in Jintan salt mines is taken as engineering background; 
during the operating period, the pressure distribution and gas leak distance at interface and layers with different 
operating pressures are studied. It is demonstrated that the gas infiltration velocity along the damaged interface is 
much faster than the salt rock and mudstone interlayer, and damaged interface is the main gas leakage path. Moreover, 
with the bigger operation pressure, natural gas spreads much faster at the beginning years. The simulation results 
prove scientific basis for the design and reasonable control of operating pressure and tightness evaluation of bedded 
salt rock storage cavern. 
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1. Introduction
Along with the construction of the West-East Natural Gas Transmission Project and new stockpile for
energy strategic reserve, it is urgent to build large oil and gas underground reserves in China. Salt rock has 
very low permeability and self-healing capacity due to viscoplastic deformation, it also can adapt well to 
the variation of the pressure of the storage due to its steady mechanical behavior. In addition, its solubility 
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in water makes the excavation of storage cavern in deep salt rock formation easy and economic; therefore 
the salt rock cavern is an ideal location for crude oil and natural gas storage. In developed countries, the 
application of underground salt caverns as an energy reservoir has been widely adopted. According to 
statistic, there is over 40 percent of natural gas stored in the underground salt rock cavern in Germany, 
and 20 percent in United States[1-7]. 
There are a lot of salt mines in China. In recent years, the first salt cavern underground storage: Jiangsu 
Jintan Salt Cavern Gas Storage has been under construction. Meanwhile, as large-scale natural oil and gas 
field exploration and development, long-distance gas pipeline construction, the East China Sea natural gas 
exploration, we have to construct more gas storages in the next 20 years. 
In China, most of salt rock is kind of bedded rock, which is mainly composed of multi-layers, and the 
interlayer is thin[8-11]. According to laboratory and field investigations, the permeability of salt rock can be 
as low as 10–22m2, and the permeability of most interlayers are also very low, which are about 10–14 m2. 
Howerer, because of different mechanics character, such as creep property, between salt rock and 
mudstone interlayer, the interface is always a weak layer. It is likely that stored natural gas will escape 
along the interface of interlayer. During the long time production period of storage cavern, stresses in the 
interface will increase. If shear stress is bigger than the shear strength of the interface, it is will damage 
and sliding. What more, many microcracks are created  in the damaged interface zone and the permeabilty 
is much bigger than unbroken interlayer and salt rock, so it has great influence on cavern tightness[12,13]. 
In this paper, based on fluid flow in porous medium theory, and evolvement equation of gas 
permeability considering Klinkenberg’s effect is established. The cavern in Jintan salt mines is taken as 
engineering background; the pore pressure distributions and gas leak distance of several cases in 
mudstone interlayer, salt rock layer and damaged interface zone under different operating pressures are 
studied.   
2. Seepage Mechanism 
Generally, the flow of fluid in porous medium conforms to Darcy theory as Eq.(1): 
     
dl
dPKv P                                                                          (1) 
Here : K is intrinsic permeability; 
dl
dP means pore pressure gradient. 
For gas flow in mudstone interlayer and salt rock, because of their very low permeability, different 
physical phenomena must be tanken into account: it is necessary to consider the effect of gas slippage, 
therefore the classical Darcy theory needs to be modified by considering Klinkenberg’s effect, ususally 
shown by further relation:  
)/1( pbKK g                                                                  (2) 
Herre, gK denotes gas permeability; K is intrinsic permeability ; b is knows as the Klinkenberg factor 
and p denotes the mean pressure in the porous sample. The parameter b  is given by the following Eq.(3) 
)/(2/16 MRTdcb SP (3) 
Here, c is a constant (basically equals to 0.9); P means gas viscosity, for natural gas it is defined as 
1.82h10-5pa.s, M is specific gas constant; d denotes particle dimension; R equals to 8314m2/(s.K) and T 
is absolute temperature. 
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3. Simulation of gas leak in Bedded Salt Rock Cavity and Discussions 
3.1. Engineering Background 
The salt mines in Jintan, Jiangsu are taken as engineering background. This place is very suitable for 
natural gas storage. However, this mining area also has common problems like other place in China: the 
existence of mudstone interlays. 
Considering conditions here and all the requirements, several cavities have been established and tested. 
In this paper, the salt rock cavern No.M16 in Maoxing mining area is selected for the analysis of gas 
seepage simulation. In this mining area, its depth of caprock layer is about 750-900 meters; on the top of 
cavern there is also thick enough salt rock to help improving sealing capacity. Based on in-situ sonar 
survey, Cavern M16 is in an approximate pear-shape. It is 937-1000 m underground and has the height of 
about 62 meters. The volume of M16 is about 10.6×104m3.  
3.2. Calculation model 
The calculation zone is distributed from 920 to 1010 meters underground. Both the left boundary and 
right boundary are 150 meters from the cavern centre.  According to field survey, its rock formation and 
cavern shape are illustrated as Figure 1. From the figure it is obvious that in the calculation model there 
are a mudstone interlayer of 2 meters in the upper part and another mudstone interlayer of 3.8 meters in 
the lower part separately, and it is assumed that the interface of lower part is damaged and microcrack 
appears. Of course the microcrack will disappear gradually with the increasing distance along the 
interface. During the simulation, both the salt rock and mudstone zone are considered as porous media; 
their intrinsic permeabilities are given as 1×10ˉ20m2 and 1×10ˉ14m2 separately based on laboratory 
experiments. The damaged interface zone is composed of microcrack and mudstone matrix, by use of 
establishing microcrack-pore double-medium mesomechanicas model, we can obtain its equivalent 
permeability as 1×10ˉ10m2 after calculation. Other parameters of natural gas include its density (80kg/m3) 
and viscosity coefficient (1.81×10ˉ5 Pa·s). 
 
Fig. 1 Simulation model  
3.3. Simulation results 
Considering the symmetry of model, in order to save simulation time, only its right half part is 
adopted for seepage calculation. Under different conditions several cases are conducted. 
(1) Simulation under operation pressure of 10Mpa. 
Figure 2 shows that gas pressure distribution of salt rock, interlayers after 1 year, 4 year, 8 year, 10 
year, 15 year and 20 year. From these figures it is found that the infiltration velocity along the damaged 
interface zone of lower interlayer is much faster than the other zones. In addition, because of existence of 
damaged zone, gas moves faster in the lower mudstone interlayer than in the upper unbroken interlayer. 
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Due to lowest permeability,the gas leak distance is very small, and can be considered as impervious zone. 
With the increasing period of operation time, it is found that more and more pressurized gas infiltrates 
into the surrounded areas and affects longer distance.  Therefore, during the construction and operation 
period of Jintan salt rock cavern, it is necessary to emphasize on the research of seepage along the 
damage interface zone, which is the critical factor of salt leakage control in Chinese salt rock cavern. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a)1year                                                                               b)  4 year 
 
 
 
 
 
 
 
 
 
 
 
 
c)8year                                                                               d)  10 year 
 
 
 
 
 
 
 
 
 
 
 
 
 
e)15year                                                                                  f)  20 year 
Fig. 2 Distribution of gas pressure after gas storage operates for 20 years 
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Figure 3 and 4 provide the details of gas pressure distributions along the upper unbroken mudstone 
layer and lower damaged interface separately. In the two figures, it is obvious that with the increasing of 
operation time, more and more areas are infiltrating further and further gradually. Because permeability 
of upper mudstone layer is small enough, it is demonstrated that influenced area is small too, even after 
20 years’ operation; the influenced distance is still only 10 meters as shown in Figure 3. Therefore it is 
considered that well cemented and unbroken interlayer is less affected by the pressurized cavern gas. On 
the contrary, in the damaged lower mudstone layer it is greatly infiltrated: in the damaged interface 
(shown in  Figure 4), the main influenced range(where the gas pressure is more than 0.5MPa)  is 
respectively 22 meters,34 meters,42 meters,54 meters,63 meters,72meters from cavern center after 1 year, 
4 year, 8 year, 10 year, 15 year and 20 year’s operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Distribution of gas pressure along the                                            Fig. 4.Distribution of gas pressure along the 
upper mudstone layer                                                                          damaged zone near interface 
 
 (2) Comparison under operation pressure of 7, 10 and 14Mpa. 
In order to analyze the influence of different injection pressures on the gas seepage leakage, addition 
cases of 7Mpa and 14Mpa operation pressure are conducted. After 10 years’ operation, the pore pressure 
distribution is provided in Figure 5 and 6. It is found that the pressure changes in the lower damaged 
interface and mudstone layer under different conditions; they reveal that with bigger operation pressure, 
natural gas spreads much faster under higher operation pressure at the beginning years but they will 
become more and more consistent finally.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Pore pressure distribution in the lower mudstone                               Fig.6 Pore pressure distribution along the interface 
layer under different operation pressure                                                       under different operation pressure 
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4. Conclusions 
In this article, the numerical simulation of gas leakage mechanism of bedded salt rock storage cavern 
in Jintan mining area is given, and the several conclusions are demonstrated: 
(1)If the interface between salt rock and interlayer is damaged, it will become the main path of natural 
gas leakage, which has important influence to cavern sealing performance. In salt rock and undamaged 
mudstone interlayer, there is very small gas leakage and can be considered as impervious zone. 
(2)Simulation results under different operation pressures illustrate that with bigger operation pressure, 
natural gas spreads much faster at beginning years but they will become more and more consistent finally. 
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